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A METHOD OP DETER1-II1TIHG THE EQUILIBRIUM PEREORMA1TCS 
AZTD THE STABILITY OE AH EHGIHE EQUIPPED WITH 
AIT EXHAUST TURSO SUPERCHARGER* 
By James Buchanan Rea 



SUMMARY 



The performance of an exhaust turbine driving a super- 
charger is investigated by means of a sample calculation 
"based on reasonable assumptions for the purpose of determin 
ing whether the assumed installation is stable with respect 
to changes in the mass of gas handled, boost pressure, etc. 
The arrangement was found to "be stable throughout the en- 
tire range of operation. The method developed can be gener 
ally applied. 

INTRODUCTION 



This paper presents a method of determining the equi- 
librium performance and the stability of an engine equipped 
with an exhaust- turbine supercharger. 

The exhaust- turbine supercharging mechanism is essen- 
tially composed of five parts: the engine, the nozzle box 
with nozzles, the turbine, the blower, and the interco oler . 
The sequence of events is shown schematically in figure 1. 

The author wishes to express his appreciation to 
Professors C. Fayette Taylor and Edward S. Taylor for their 
guidance and supervision; and to Professor Joseph Keonan 
for his helpful suggestions. 



Thesis submitted, in partial fulfillment of the require- 
ments for the degrees of Bach*?, or of Science and Master 
of Science, Massachusetts Institute of Technology. 
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characteristics o? coiipoitsitts 

Symbol s 

The following list of symbols has boon u 
analysis and charts of tho present study. 



w 


weight 




fuel-air ratio by weight 


A 


area 


P 


pre s sure 


E 


energy 


H 


total enthalpy 


V 


volume 


V 


specific volume 


S 


total entropy 


T 


0 V 

absolute temperature (460 + ?) 


3 S 


internal energy 


H 


universal gas constant 


TJ 


velocity (speed) 


g 


acceleration of gravity 


hp 


horsepower 


T 
ftj 


mechanical equivalent of heat 


D 


diamet er 


3 


pressure coefficient 


N 


revolution speed, revolutions per minute 


n 


revolution speed, revolutions per second 
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specific heat at constant 


pre s sure 


c v 


specific heat at constant 


volume 


Y 


ratio of specific heats 




I 


moment of inertia 




Tl 


of f i ci ency 




uu 


angular velocity of rotat 


ing parts 


(L 


rate of change of angular 


v e 1 o c i t y ( dkJ / d t ) 


T 


t n t* rrn o 




-a 


/p. .0.3872 

) - 1 




r 


radius of blowor to blade 


tip, feet 


P 


d e n s i 1 7 




Subscript s : 




c 


exhaust gas (nozzle "box) 




i 


intake ("before throttle) 




IT 


through nozzle 




th 


throat 




1 


hi over 




a 


air 






waste gate 




t 


turbine 




ad 


adiabatic 




av 


available 




rcq 


required 
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Before the equilibrium performance of the complete gu- 
percharging operation can oe dot crminod, it is necessary 
to know the performance of each, of the component parts of 
the super charging me chani sm. . 

The method of analysis will be illustrated by giving 
the analysis of a specific installation using the fiiitel 
States standard atmosphere as a basis for variations in at- 
mospheric conditions with changes in altitude. 

Engine Data 
Assume the following test conditions: 

(a) Wright G-1G2-A engine 

(b) Engine speed hold constant at' 1900 rpm by pro- 

peller g over n o r 

(c) The temperature of the air entering the engine 

is that of the standard atmosphere corre- 
sponding to the entering pressure 

(d) The engine will bo run at full throttle 

(c) Air consumption: 0*11 pound per brake- 
horsepower per minute 

(f) Fuel/air ratio of 0*0782 

In figure 2, the full-throttle brake horsepower is 
plotted against standard-density altitude for various en- 
gine speeds, 

From figure 2 and reference 1, a curve of full- 
throttle brake horsepower against pressure before throttle 
was constructed and is given in figure o. A curve of Qp~. 
haust gas weight per second against brake horsepower is 
also plotted in figure 3. 

IToz^le Data 

Based upon the standard and accepted methods of noz- 
zle design, the following fundamental nozzle data were used 
(critical conditions at nozzle throat); 
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(a.) Sinplc converging ilozzlos of square cross section 
("b) Eotal nunbdr of nozzles, 9 

(c) Total nozzle throat area, 7.37 square inches 

(d) ITozzle angle, 20° 

The calculation of the nozzle performance curves will 
"bo treated in three parts; 

( a ) The effective ideal .jot velocity 1 1 i s as aa mod 
that the velocity of the gas as it hits the turbine wheel 
is the fully expanded velocity even though the velocity at 
th'-e nozzle throat is not creator than the velocity of 
sound, • This assumption, although not strictly correct for 
largo- changes in prossurc across the nozzle, should "be good 
in this analysis "because of the comparatively large dis- 
tance "bo two on the noztlc throat and the closest turbine 
"blade. Above 30,000 feet this assumption should "be used 
with caution "because the higher the altitude the more the 
a s sump t i on is in error. 

The velocity of the exhaust gas at the turbine "blades 
can he calculated by the following formula: 




21! 



• 5 yT;H e (1) 



where 



U velocity of exhaust gas- hitting turbine blades, 
feet per second 

A ?I e change in enthalpy for (l + F/A) pounds of the 
exhaust gas as found from figure 4 "by expand- 
ing adiabat ically fr on the nozzle-box pressure 
and temperature to the atmosphere pressure out- 
side the nozzle "box 

(Sufficiently accurate values of A H Q may be calculated 

from the perfect gas lav; provided that consistent values 

of 7, Cp, and H are used and that the correct value of 1 

is also used. The data for figure 5 were calculated from 
equation (l) and from figure 4.) 
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( k ) Weight r f nto of flow of exh au st gas t hrough no z- 
zlo s »- The weight rate of flow through the nozzles nay "be 
calculated "by the following fomula: 

v th \ A / 

whore 

Vf T j weight rate of flow through nozzles, 
pounds per second 

U^-ip velocity at nozzle throat, feet per second, 
calculated "by using equation (l). In this 
case A H e is the change in enthalpy ob- 
tained "by merely expanding a&iahati cally to 
the throat pressure and not the atmospheric 
pros sur e 

-Hh throat area, total, square feet 

w 

v th specific volume, found in figure 4 of 1 + — 
pounds of exhaust gas at the throat con- 
ditio n s 

Results of calculations for W T r are plotted in figure 5. 

(c) Ho z zlo lior se-T>o wor .-» The nozzle horsepower nay "bo 
calculated "by the following formula, where J is taken as 
773 foot-pounds per Btu, 

AH e 778 . , 

h PlT = W 1T 7 ^ = 1.312 A Eg Vjf (3) 

(l ♦ f) 550 

In this case, AH g is the change in enthalpy for complete 
expansion of the exhaust gas to the pressure ? a because it 
is the horsepower of the exhaust gas as it contacts the tur- 
bine "blades, which is the value desired. The results of 
the calculations arc plotted in figure 7. 

. Turbine Data , . C 

A single-stage ' iapul se turbine of 11.1 inches in dian- 
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eter was chosen. This turbine was assumed to have an effi- 
ciency curve as shown in figure 8, corresponding to a noz- 
zle angle of 20°. This efficiency curve was taken iron 
data in reference 3 (fie. 218, p. 234), 

Blower Data 

A single-stage , straight radial-blade , centrifugal 
blower 11.1 inches in diameter was used. The turbine and 
blower were directly connected. The details of the design 
of this blower have been omitted in this paper, but experi- 
mental curves for a blower of the same dimensions and de- 
sign are given in figure 9. 

Inter cooler Data 

It will be assumed that an intercoolor is provided 
and regulated so that the temperature of the air entering 
the engine is the standard United States atmospheric temper- 
ature (reference l), corresponding to the pressure of the 
entering air. The pressure drop of the charge air has been 
neglected but, in general, as pointed out in reference 4, 
it should be taken into account. 



DSTEPJIIITAT I 01T OF EQUILIBRIUM PSH70RUAITCE 

How that the performance curves for each component 
part of the supercharging mechanism have been determined, 
the ovor-all performance will be obtained for the equilib- 
rium condi t i cms « 

First, curves of requ ired pressure coefficient against 
revolution speed at vr.rious altitudes and for various full- 
throttle brake horsepowers arc determined by the use of the 
following equation, which involves the definition of 3, 
the pressure coefficient. 

u b 2 / \ 

1 — - = J c T Y ( 4 ) 

a 

where the significance of the subscripts and the units 
used in t ii e c a lculations are as follows: 
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U>, tip speed of the Tjlowor, foot per second 



o. 



T a out side— air t onporaturc , 3? aosolutc 



intako manifold pressure, pounds per square inch 

P a standard atmospheric pressure, pounds per square inch 

Y a ratio of specific heats c., } /c v ; for air 
(Y a - 1)/Y a = 0.2872 

Dfj "blower diaractcr, foot 

revolution speed of blowor , revolutions per mi hut o 

Thus 

0.C872 



5 - 



J 5L \ ~ 1 

* a \?a 



/■ it sr t y 

V '60 / 



But 

J c p S (778) (0.2397) (32.2) (3600) 



25.6 x 10 



5 



\ 60 



so 



or 



B = 25.6 x 10 5 

m y 

3 * 2.56 ^ 15 (5) 

\iooo/ 

A curve of Y p for various values of P^/p is g^VOfl in 

figure 10. The r equired pressure coefficients have "boon 
computed and the results are plotted as solid-line curves 
in f i gur e 11 . 
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Second, curves of avail a, hi e pressure coefficient 
against "blower speed, at various altitudes and for various 
full-throttle brake horsepowers are determined from the 
formula 

V = v c | blip (6) 
r e q a y x 

where v a is specific volume and c is specific fuel 

consumption. At a given altitude and Drake horsepower f 
V . 

values of 1 0CI " can "be calculated from equation (6) for 

various values of S** 7ro:n figure 9 values of available 

^roq 

pressure coefficients corresponding to values of ~ 

are determined. The calculated available pressure coeffi- 
cients are plotted as dot ted~line curves in figure 11. 

The intersection of corresponding curves of available 
and required pressure coefficients gives data for curves 
of "blower speed required against altitude for various Drake 
horsepowers # Since the blower and the turbine are directly 
connected, it is possible to calculate curves of turbine 
tip speed required against altitude for various brake 
hor sepowor s . Those curves are shown in figure 12; the fol~ 
lowing formula was used s,s the oasis. of calculation: 



Turbo, tip-speed ■ 'f'-g-S ($1) = : 0.04842 if* (?) 

x 60 y - J D req u req 



Third, "blower shaft horsepower required against alti- 
tude was determined for various "brake horsepowers as fol- 
lows : Since values of required blower speeds against alti- 
tude at various "brake horsepowers are known and since val- 
ue $ of V re q against altitude at various brake horsepowers 
can "be found from equation (o), it follows that values of 

^ r e ci 

can "be calculated for different altitudes and at 



r^req ^b 3 

various "brake horsepowers. UJhus , from figure 9, values cf 
adiabatic efficiency T! a< q can he determined for correspond* 

y 

ing values of ~> 0| „ • The value of T' 7 used was taken 

^req ^b 
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from figure 9 (-a) or 9(b) depending on which rpn range more 
closely corresponded to the rpn used in the example. It 

r c o 

is assumed here that T) 0 ^ is a function only of *— g- 

frof D b 

and is independent of BF^ogi which is Tory nearly true as 
can "be seen from figure 9 # Values of required adiabatic 
horsepower for various altitudes and engine brake horse- 
powers are easily calculated by the formula below: 

J Wi T n Y n • i 

(hp J rco = S©S : = 0.0006215 (t>hp) (T Y a ) (8) 

* ad 33 000 " a a 

where 1F« is the air consumption, pounds per minute. 

Finally, corresponding values of adiabatic efficiency 
and adiabatic horsepower required being known, curves Of 
blower-shaft horsepower required ag.ainst altitude, for var- 
ious brake hor sepo wer s , may be plotted as shown in figure 
13, using the following relation: 

adiabatic hp 

Blower-shaft hp rCo = = r (9) 

• Fourth, curves of nozzle-box pressure required against 
altitude arc determined for various brake horsepowers by 
.the use of .figures 5, 7, 8, 12, and 13, as follows: Decide 
upon a constant brake horsepower. An altitude should then 
be chosen and the turbine tip speed required obtained from 
figure 12 9 A value of the required nozzle-box pressure 
should bo chosen and the nozzle gas velocity and the nozzle 
'horsepower at the assumed altitude should be obtained from 
figures 5 and 7, r e spect ivoly. With the nozzle velocity 
and the required turbine tip speed, the turbine adiabatic 
efficiency may be obtained from figure 8. Then the blower- 
shaft horsepower is obtained by multiplying the efficiency 
by the nozzle hor scpower . With this bl owe r - shaft horse- 
power, an altitude is obtained from figure 13 at the con- 
stant brake horsepower first decided upon. If this alti- 
tude docs not agree with the altitude chosen at the begin- 
ning, then a different value of the required nozzle-box 
pressure is taken and successive efforts are made until the 
sequence is in consistent equilibrium. 



This process may seem very long and tedious, but expe- 
rience has shown that the equilibrium value of the turbine 
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efficiency varies by only a slight amount with changes in 
altitude at constant "brake horsepower « Thus, the number of 
trials necessary is seldom more than two if a turbine effi- 
ciency is first estimated and latter substantiated by using 
the foregoing curves. 

Figure 14 shows the results of the foregoing method. 

From figures 14 and 6, curves of required nozzle vreigh 
rate of flow against altitude for various brake horsepowers 
may be determined; they are shown in figure 15. 

Fifth, curves of required "nozzle-equivalent" waste- 
gate area against altitude are determined for various 
brake horsepowers, as follows: At any given altitude, the 
weight rate required through the nozzles in order to main- 
tain a given brake horsepower is found from figure 15. 
The exhaust-gas weight rate available is determined from 
figure 3 f and the difference between these two rates repre- 
sents the weight rate that must pass through the waste 
gate. How, since the pressure required and the assumed 
constant temperature of the gas in the nozzle box are known 
figure 4 may be used to find the change in enthalpy of the 
gas leaving the nozzle box. Also, figure 4 may be used to 
find v, the chart volume of the gas as it leaves the waste 
gate. These values being known , the required "nozzle- 
equivalent " waste-gate area may be found by the condition 
of continuity, as represented by the following equation: 

* - "[^^_ (10 ) 

A much simpler method of calculating the "nozzle equivalent 
waste-gate area is shown in the following equation: 



L w #< 



A-t - 



exhaust 



(11) 



r en 



Figure 16 shows the curves resulting from equation 
(12) for required " no z zl e-equi val cnt " waste-gate area 
against altitude, at various brake horsepowers • 

Di scus si on 



The curves of required pressure shown in figure 14 in- 
dicate a definite minimum. This fact is substantiated by 
experimental curves of Berger and Chenowcth (reference 4), 
reproduced in figure 17. 
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It should "be remembered that the analysis thus far is 
only valid for de t e mining the e q u i 1 i "br ium c o nd i t i on s of 
the supercharging cycle. But once these conditions have 
"been determined, the static and the dynamic stability of 
the system may he easily found by assuming a snail change 
in one of the variables and following this effect complete- 
ly through the cycle. Equilibrium conditions cannot occur 
at altitudes above that at which the curve of weight rate 
requi red is intersected "by the curve of weight rate av ail - 
able , for constant brake horsepower. (See fig. 15.) In 
this particular example, these curves do not intersect 
within the ranges investigated, but they night intersect 
if experimental data rather than theoretically calculated 
data, were used throughout the analysis. 

It is possible for the systen to ho in equilibrium 
even though it is statically unstable. In other words, a 
slight change in one of the variables from its equilibrium 
value night not be followed by a tendency for the systen 
to return to its original state. It nay also ho possible 
for the systen to he statically stable hut dynamically un- 
stable 9 that is, a slight change in one of the variables 
from its equilibrium value might result in an undamped and 
cumulating oscillation. 



The fundamental expression used in determining the 
stability of the exhaust- turbine supercharging cycle is 
based upon ITewton's second law of notion, and is as follows 



lstz.r::iitaI'Io:t :? static stability 



Development of Formulas Used in 
St a tic-St ability Calculations 



d 




< 0 



(12) 



d uj 



where 



angular velocity of rotating parts, 
radians/ second 



turbine torque, foot-pounds 




blower torque, foot-pounds 
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An expression for the turbine torque is derived 

from the "basic equation-, for horsepower: 

Turbine hp = (13) 

also 

Turbine hp = hp-.r T\± (14) 

where 

hpjj horsepower of exhaust gas from nozzles as 
it conies tH contact with turbine blades 

T\ t turbine efficiency (See fig. 8.) 

If equations (13) and (14) are combined, there is obtained 
for turbine torque 

m h PlT % 550 (15) 



1 1 



An expression for the blower torque may also be found 
by using the basic equation for horsepower: 



T 1 CD 

Blower-shaft hp = ~— (16) 

550 

al so , 

Adiabatic hp , - 

Mo ~ U u 

Blower-shaft hp 

where Tj^ is the adiabatic efficiency of t'no blower and 
is defined by equation (17). The adiabatic horsepower can 
be obtained from equation (8). 

c p w i - a x a 

Adiabatic hp = - 

33000 

By the introduction of equation (4) and the equality 
= cur, an expression nay be developed as follows: 

S J c p -a Y a • 
3o,2 = (18) 

r " 
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Equations (16), (17), and (18) nay "bo conbined to give 
a final expression for the clowor torque, 



Additional equations, such as 

V i = (blip) (0.11) (20) 

are needed for the stability calculations. 

60 00 

Since N-jj = ^ TT and since Wi ■ v r p a , an expression 
for the. dinensi onle s s "blover coefficient - ^ - is easily- 
developed: t> *b 

-lr-ffi)( 2Tr 8 ) (si) 

w e = % + Exhaust (22) 
Exhaust * < 23 > 



also 



and 



t hu s , 



An 



Procedure for Determining Static Stability 

Select an altitude at which the stability is to "be in- 
vestigated. This altitude will determine the pressure, 
the temperature, and the density of the air as consistent 
with the standard at no sphere . Coltuans 22, 23, 24, and 25 of 
table I nay he filled in innediately . Then, decide upon an 
equilibrium value of the "brake horsepower (column l) at this 
altitude and iron the equili or iun-per f ornance calculations, 
deter nine the corresponding value of the wast e~gate| area, 
(nozile equivalent) for colunn 13. The value of W| e (col- 
unn 2) nay "bo found fro:: figure 3; (column 3) nay "be 

found "by using figure 3; and (colunn 4) nay "be found 

by using equation (20). Colunn 5 = c 0 j- unn g ; 6olunn 6 is 

colunn 2o 
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obtained by using column 5 and figure 10. Colur.n 7 nay "be 
found using equation (13). 

lie xt | ostinate a value of a) and use equation (2l) to 
1 

get . Then, get the corresponding value of 33 

2 

iron figure 9 and calculate B cu . When this value agrees 
With the value in colunn 7, the a) is correct, and the T)^ 
nay then "be dcternined fror. figure 9 corresponding to the 

V 

correct value of 5-. Thus, columns £, 9, 10, and 11 

1: b ®% 

nay "be filled in once this equilibrium value of u) has 
"been obtained. Colunn 12 nay "be calculated using equation 
(19), Colunn 13 Is determined fr on the equilibriun- 
perf ornance calculat i one , and colunn 14 nay therefore "be 
obtained froil equation (24) • With the value in colunn 14 
enter figure 6 at the proper altitude and get P e for col- 
unn 15 « Then, with this value of P Q , get hp TT (colunn 
16) fron figure 7 at the correct altitude. Also get U„, 
(colunn 17) fron figure 5, using the foregoing value of P e 

colunn 8 r 

and the sane altitude. Colunn 18 = : — — , and this 

colunn 17 

value nay he used to obtain TU (colunn 19) fron figure 8. 
ITow, T^ (colunn 20) nay "be calculated using equation (15). 
Colunn 21 is found "by subtracting colunn 12 fron colunn 20. 

Finally, a plot of I cu against UJ nay "be nade as 
shown in figure 18. Each line in this figure rcj)resents 
the stability at a constant altitude, for a fixed waste- 
gate position and for the e quill "briun horsepower corre- 
sponding to this fixed waste-gate position. The systen is 
stable for any altitude and waste-gate position only when 
the slope of the corresponding line is negative, that is, 
a decrease in U) fron its equilibriun Value causes an in- 
crease in W% - Ti}, thus causing the systen to return to 
its equilibriun conditions. Cn the other hand, an increase 
in (ju would cause a decrease in T± - Ti 0 for a stable 
sy st en . 

Pigure 18 seens to indicate that, for a constant value 
of the equilibriun horsepower, the stability decreases with 
increase in altitude as shown by the SOG-hor sopowcr curves 
at 20,000 and 25,000 foot* An increase in horsepower at the 
sane altitude seens to affect the stability very little. 
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riscussioi: 



It should "be r omem"bor ed that the shape of the actual 
curves as obtained "by the equilibrium performance and the 
stability calculations made in this analysis depend upon 
the original characteristics of each component part of the 
supercharging cycle. The analysis of a particular theo- 
retically calculated cycle was made in this case merely to 
outline a general procedure that could "be used in determin- 
ing the over-all characteristics and stability of any ex- 
haust turbine supercharger installation. 

Turbo super char ger installations are apparently static- 
ally unstable in the region of low Y/nD 3 where the super- 
charger stalls and the curve of I (or o^) plotted against 

V/nD is discontinuous. Dynamic instability is frequent 
but is caused principally by control difficulties, and con- 
sideration of it has therefore been avoided in this paper. 

It is generally known that in the past many actual 
exhaust-turtino installations have been unstable under cer- 
tain critical conditions. Because of the secrecy at the 
present time in connection with the general subject of ex- 
haust turbines, the author has found it impossible to ob- 
tain data necessary for an analysis of any actual installa- 
tion. 

It is suggested that, if an analysis of this type were 
made prior to the installing of -any exhaust -turbine sys- 
tem, information might be discovered which would help to 
eliminate causes for unstability and thus enable the de- 
signer to. obtain a reasonable estimate of the performance 
of the entire supercharging cycle. 

Massachusetts Institute of Technology, 
Cambridge, Mass., May 15, 1941. 
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r TABLE I - COMPUTATION OF STABILITY 

k ■ ^ ■ * ■ wsdt •> ■ ■ w- us)- •« ■ >-—*' 

T t » 35Q^£yn t , A „ 0.0512 sq ft; F/A = 0.0872; D b 3 = 0.792 cu ft; g = 32.2 ft/eeo/seo; J = 778; c = 0.2397 
r - 0.46251 



(22) 

Altitude 

(ft) 


(23) 

P a 

(in? Hg) 


(24) 
of 

labe) 


(25) 
Pa 

(cum) 


(3) 
?i 

tin.) 


(4) 

W l 
/ lb\ 
(min i 


(5) 

? jL 


(6) 
Y a 


(7) 


(8) 
«J 

/ radiant 


(9) 
V 

1 ND 3 


(10) 

B 


F a 


V. sec 1 




600 hp equilibrium . 




20,00*0 




447.1 


0. 04100 


18.95 
25. 


66.0 
85.8 
55.0 


1.379 
1.819 
1.150 


0.092 
.186 
.036 


11.54 x 10 5 

23.32 
4.52 


1405 
1925 
975 


0.1513 
.1436 
.1818 


0.590 
.625 
.477 


25,000 


11.10 


429.2 


0.03940 


18.95 
25. 


66.0 
85.8 
55.0 


1.706 
2.252 
1.423 


0.162 
.261 
.102 


19.49 
31.42 

i 2 « 2 I 


1730 
2205 
1385 


0.1281 
.1303 
.1332 


0.650 
.647 
.638 


30,000 


8.68 


411.4 


0.02363 


18.95 

25. 

12. 


66.0 
85.8 
41.25 


2!l33 
2.817 
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Figure l.~ Schematic sketch of the exhaust- turbine 
supercharging mechanism. 
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Fig. 2 
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Fuel Grade 

Date 2-16-37 3pec.No.335-B 
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Figure 2.- Altitude performance. Horsepower and manifold pressure 

(without ram) for Wright G-102-A aircraft engine. 
(From "book of instructions on Wright Cyclone Engine, GR-1820~G100. ) 
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Figure 3.- Variation of exhaust-gas weight and pressure before throttle with brake horse- 
power, Wright G-120-A engine? engine speed, 1900 rpm; full throttle! fuel-air 
ratio, 0.0782. 
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Figure 5.- Variation of velocity of gas at turbine blades with nozzle-box pressure. 




Fig-are 7. -Variation of nozzle-horsepower with nozzle-Dox pressure. 
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Fig. 8 
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Figure 8.- Variation of efficiency with velocity ratio 

for single-stage impulse turbine with nozzle 
angle of 20° (from reference 3) . 
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Fig* 9a 




Figure 9a.- Characteristics of Cyclone supercharger at 15,000 rpm; 
tip speed, 720 fps. 
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Fig. 9b 




Figure 9b.- Characteristics of Cyclone supercharger at 20,000 - 
21,000 rpmj tip speed, 960 - 1010 fps. 
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Figure 11 (a to f).- Variation of pressure coefficient with 

blower speed. 
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Fig. 11c 
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Figure 11(c) . 
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Figure 11(d). 
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Figure 11(e) . 
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Fig. llf 
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Figure 11(f). 
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Figure 14,- Variation of nozzle-box pressure with altitude. Engine speed, 1900 rpm; full 




10,000 



20,000 



30,000 40,000 
Altitude, ft 



50,000 



60,000 



Figaro 15.- Variation of rates of flow through nozzle with altitude. Engine s^eod, 1900 ran: 
full throttle. - 1 
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Fig. 16 
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Figure 16.- Variation of waste-gate area with altitude; 

engine speed, 1900 rpm ? full throttle. 
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Fig. 17 
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Figure 17.- Flight tost of exhaust turbine-driven supercharger 

showing effect of properly designed disposal system (reference 4) 



